Recrystallization and mechanical behavior of nanocrystalline copper prepared by dynamic plastic deformation (DPD) and DPD with additional cold-rolling (DPD + CR) were investigated, with an emphasis on the effects of heterogeneity within the deformation microstructure. The DPD sample was found to develop a heterogeneous structure, consisting of regions with different textures and microstructures. This heterogeneity within the deformed structure leads to the formation of severely clustered grains in partially recrystallized samples. The recrystallization kinetic curve shows an Avrami exponent less than 1, which is explained using a two-stage kinetics model incorporating the heterogeneity. The heterogeneity of the DPD sample is largely reduced by applying additional rolling. This change in deformation path leads to a more random distribution of the recrystallized grains and more conventional recrystallization kinetics. The hardness of the two samples was measured, and the mechanical properties before and after partial recrystallization of both samples are discussed based on the presence of structural heterogeneities on the macroscopic and the microscopic scale.
Effects of heterogeneity on recrystallization kinetics of nanocrystalline copper prepared by dynamic plastic deformation 
Introduction
Nanocrystalline metals with high strength, produced by plastic deformation to large strains, have attracted much research interest over the past decade. Moreover, deformation at high strain rates ($10 2 -10 3 s À1 ) can lead to significant structure refinement, even at comparatively low strains, as has been demonstrated by the dynamic plastic deformation (DPD) process [1] [2] [3] [4] . DPD is especially effective for structural refinement in copper, since mechanical twinning may become an active deformation mechanism, in addition to dislocation slip [5] .
An important issue for nanocrystalline metals is thermal stability, namely whether the original nanostructure can be retained over a period of time at a certain temperature. For nanocrystalline copper produced by severe plastic deformation, recrystallization has been observed to occur even during room temperature storage [6] , due to a high stored energy. It is, however, unknown whether the thermal stability can be improved if the initial nanostructure is modified by an additional deformation process. This is investigated in the present work, where deformed and partially recrystallized microstructures as well as the recrystallization kinetics are characterized for two samples, one deformed by DPD to an equivalent strain of e vM = 2.1 and the other further cold-rolled to e vM = 1.6 after the DPD process. The aim of the work is to understand how different types of deformation nanostructures affect the recrystallization process and the overall recrystallization kinetics, and thus to study effects of the additional deformation. The recrystallization kinetics is analyzed based on the standard Johnson-Mehl-Avrami-Kolmogorov (JMAK) phase transformation model [7] [8] [9] [10] [11] . Moreover, modified versions of this model, which have been developed to incorporate typical microstructural heterogeneity, such as a grain-tograin variation in the deformation microstructure, have been considered [12, 13] .
It is known that partial recrystallization typically reduces the strength of nanocrystalline metals, but may improve the ductility. Therefore, thermal annealing has been suggested to be, in some cases, an effective way to optimize the strength-ductility combination [14] . For copper deformed by DPD, it has, however, been found that the ductility does not improve until the recrystallized volume fraction becomes as high as 80% [15] , whereas the ductility of the sample with additional rolling can be improved by introducing only a small volume fraction of recrystallized grains [16, 17] . These findings are discussed based on the observation that cold-rolling after DPD homogenizes both the deformed and partially recrystallized structures.
Experimental
The initial material was 99.995% purity copper with an average grain size of 200 lm (estimated from optical microscopy images, excluding twin boundaries). A cylinder (16 mm in diameter and 26 mm in height) was immersed in liquid nitrogen and processed by DPD through multiple impacts until the height of the sample was reduced to 3.3 mm, which corresponds to an equivalent von Mises strain of 2.1 (defined as e vM ¼ lnðL 0 =L f Þ, where L 0 and L f are the initial and final height of the sample, respectively). This sample is termed the DPD sample. Experimental details of the DPD process can be found in Ref. [3] . A piece 10 mm in width, 20 mm in length and 3.3 mm in thickness was then cut from the center of the DPD sample, and rolled at room temperature to e vM = 1.6. The rolling plane coincided with the compression plane during DPD. This sample is termed the DPD + CR sample. It should be noted that both DPD and DPD + CR samples were kept at À18°C for $6 months, and at room temperature for some days during transportation from China to Denmark, before they were isothermally annealed and analyzed.
The deformed microstructures were characterized using a Zeiss Supra-35 scanning electron microscope (SEM), equipped with an HKL Channel-5 electron backscatter diffraction (EBSD) system. For the DPD sample, sections from the center of the specimen, perpendicular to the compression plane, parallel to the compression axis (CA), were investigated. For the DPD + CR samples, longitudinal sections, containing the rolling direction (RD) and the normal direction (ND), were characterized. Maps of 60 Â 40 lm 2 were obtained using step sizes of 10-50 nm. Since parts of the deformation structure in the DPD sample could still not be resolved due to the very fine structural scale, the present data analysis is supplemented with previous transmission electron microscopy (TEM) results for a similar sample [3] . As shall be described later, it was found that the DPD structure was very heterogeneous, and bigger maps were needed for an overview. These big maps (using a step size of 0.5 lm) were, however, measured after an additional 12 months of storage at À18°C (i.e. 18 month storage in total). From the big maps, it was observed that the DPD sample was already 18% recrystallized, even though it had never been annealed at elevated temperatures. No recrystallization was, however, observed in the DPD + CR sample. It is unknown when the 18% recrystallization in the DPD sample occurred: during the first or second storage at À18°C, during the transportation from China to Denmark or during sample preparation for EBSD characterization. Effects of this partial recrystallization of the DPD sample are incorporated in the following analysis, but for simplicity in the following the sample will be termed as-deformed.
The DPD and DPD + CR samples were annealed isothermally at 120°C and 140°C, respectively. The annealing temperatures were chosen to enable almost complete recrystallization after annealing for 4 h (14,400 s). The microstructures of the partially recrystallized samples were characterized by EBSD in the same sections as the deformed ones using a step size of 0.5 lm. Recrystallized grains were identified from EBSD orientation data using a Matlab algorithm [18] . Three criteria were applied: (1) pixels inside a recrystallized grain must have pixel-to-pixel misorientations lower than 1°, (2) the equivalent circular diameter (ECD) of the recrystallized grain must be larger than 1.5 lm, (3) the grain must be at least partially surrounded by high angle boundaries, which are defined as boundaries with misorientations higher than 15°. Annealing twins were considered as part of parent grains and twin boundaries were thus ignored in calculation of grain sizes and in visualization of the grains. The recrystallized volume fraction (V V ) was calculated for each annealing duration as the area fraction of recrystallized grains in the measured maps.
Vickers hardness was measured for the as-deformed samples and for samples annealed for 600 s, along a line parallel to the compression direction/ND through the entire sample thickness, on the sections used for EBSD characterizations, using a load of 10 g. The sizes of the hardness indentations were measured not only by optical microscopy but also by SEM using electron channeling contrast (ECC) to determine the diagonal lengths more accurately. Microstructures around the indentations were further characterized by EBSD. Fig. 1a shows an orientation map of the DPD sample. Although many pixels could not be indexed by EBSD, the map still represents a structure with regions of different orientations and microstructural characteristics. The green regions (termed Type A structure) in the map are regions of a h1 1 0i fiber texture. The deformation structure of Type A regions is dominated by low angle dislocation boundaries. According to the TEM analysis of Li et al. [3] , Type A structure appears to develop by dislocation slip. The blue regions in Fig. 1a (termed Type B structure) are regions of a h1 1 1i fiber texture. The Type B structure is composed of lamellae, with lamellar boundaries almost parallel to the compression plane. Most of the lamellar boundaries are twin boundaries. The Type B structure observed by EBSD can well be regarded as twin bundle regions observed by TEM [3] . It should be noted that the twin boundary spacing in Fig. 1a ($500 nm) is much larger than that obtained from the TEM analysis (10-150 nm) . This difference is due to both the limited spatial resolution of EBSD and the scanning step size utilized. All the poorly indexed regions in Fig. 1a are grouped into the so-called Type C structure. In the previous TEM investigations [3] , besides regions obviously deformed by dislocation slip and twin bundle regions, fragmented twin bundle regions and shear band regions were observed, both with highly subdivided microstructures (average boundary spacing of 50 nm and 75 nm, respectively). It is suggested that at least a large fraction of the present Type C regions originates from fragmented twin bundles and shear bands.
Results

Deformation microstructure of the DPD sample
The quality of the EBSD map shown in Fig. 1a is not sufficient for calculating local stored energy [19] . Instead, the band contrast determined by EBSD is considered as an indicator of the stored energy [20] , where a low band contrast value corresponds to a high stored energy, although the stored energy cannot be determined quantitatively. As shown in Fig. 1b , Type A and B structures have much lower stored energies than Type C. This agrees well with previous estimations based on TEM characterization, which reported that the stored energy for the Type A structure was 0.83 J g À1 , while that for the Type C structure was 1.60-2.17 J g À1 [21] . The stored energy of Type B microstructure is not given in Ref. [21] .
It is important to point out that Fig. 1 is a selected example of a small sample area showing all three types of structures (A, B, C) in one map. When larger sample areas are studied, coarse scale heterogeneity is observed, as shown in the sketch in Fig. 2 , which is based on six EBSD maps, each covering an area of 250 Â 150 lm 2 . The structure of the DPD sample is dominated by broad bands of Type A and Type C structures. Within bands of Type A structure, Type C regions appear as long and thin bands ($5 lm in width), which are inclined about 0-20°to the compression plane. Within bands of Type C structure, Type A regions appear as small islands (<20 lm in width). As discussed in Section 2, this as-deformed DPD sample was already 18% recrystallized and the recrystallized regions are sketched in gray in Fig. 2 . The remaining Types A and C regions cover 36% and 41% of the total area, respectively, i.e. the ratio between them is $0.9. The fraction of Type B regions is small; they always appear as islands (<20 lm in width) inside bands of Type C structure. Type B regions occupy only 5% of the total area and will therefore not be discussed further in this paper.
Deformation microstructure of the DPD+CR sample
The DPD + CR sample has a lamellar structure, with lamellar boundaries aligned along the RD (see Fig. 3a ). The Type A and C structures in the DPD sample vanish after additional rolling. A weak rolling texture is developed in this sample, with 36% volume fraction of rolling texture components (copper, S and brass, within 15°deviation from the ideal orientations). Compared with the DPD sample, the DPD + CR sample is much more homogeneous, and Fig. 3a represents well the microstructure of larger areas. Moreover, the large variation in stored energy across different regions seen in the DPD sample has been reduced significantly by cold-rolling, as demonstrated by the band contrast map in Fig. 3b. After annealing for 3600 s, almost no Type C regions (highly fragmented structure) remain in the deformed matrix (Fig. 4c) . In other words, the large Type C regions have been consumed by recrystallized grains, which are observed in broad recrystallized bands, such as the three bands in Fig. 4c and d . In contrast, large Type A regions (structure dominated by low angle dislocation boundaries), with only few recrystallized grains inside, still exist.
Recrystallization of the DPD sample
Recrystallization of the DPD + CR sample
At the initial stage of recrystallization ( Fig. 5a and b) , many small recrystallized grains develop in the DPD + CR samples. They tend to appear within thin bands parallel to the RD, but impingement between the recrystallized grains is not significant. In Fig. 5b , 42% of the recrystallized grains have boundaries fully surrounded by deformed matrix (this fraction is only 12% for the DPD sample shown in the map in Fig. 4b ). On the macroscopic scale, the spatial distribution of the recrystallized grains is much more random than that in the DPD sample. As the recrystallization continues ( Fig. 5c and d) , the recrystallized grains impinge upon each other mainly along RD, whereas the impingement along ND is much less significant.
Kinetics
The recrystallized volume fraction V V as a function of annealing time t is shown in Fig. 6a . For the DPD sample, the measured recrystallized volume fractions from different EBSD maps (150 Â 250 lm 2 each) for the same sample show a large spread. For example, for the seven maps measured for the DPD sample annealed for 120 s, the minimum V V is 0.02, whereas the maximum is 0.69. For the DPD + CR sample, the recrystallized volume fractions measured in different locations are quite similar.
The evolution of V V with t is often expressed by the JMAK equation [7] [8] [9] [10] [11] :
The exponent n in Eq. (1) can be derived from the slope of the so-called Avrami plots, i.e. plots of À lnð1 À V V Þ as a function of t on a log-log scale. Fig. 6b shows the Avrami plots of the DPD and DPD + CR samples using the average V V for each annealing duration. For the DPD + CR sample, the exponent n is 1.06, if all the data points are included in the fitting. The point for the longest annealing time t = 14,400 s has an obvious deviation towards lower values from the fitted line, which has been seen previously in rolled copper [22] . If this point is excluded from the fitting, an exponent of 1.57 is obtained. For the DPD sample, the data points fit to a straight line for the whole annealing period, but a very low exponent n = 0.37 is found.
As mentioned in the experimental part, for the samples stored for 18 months, no recrystallization occurred in the DPD + CR sample, whereas 18% of the material was recrystallized in the DPD sample. Therefore, the isothermal kinetics of the DPD sample needs correction. The measured V V for the DPD sample can be corrected for the already recrystallized volume as follows:
where V V ;0 is the recrystallized volume fraction after storage. With this correction, we are only considering the kinetics of the matrix, which was not recrystallized before furnace annealing. Although the V V,0 of the series of isothermal samples (6 month storage) is unknown, it may be conservatively assumed to be 18% (the value observed after 18 month storage). The Avrami exponent for the DPD sample of the corrected V 0 V now equals 0.56 (see Fig. 6b ), which is still rather low.
Hardness
To ease the interpretation of the observed recrystallization results and to link these to the mechanical properties, a series of hardness measurements were performed in both the as-deformed and partially recrystallized (after 600 s annealing) DPD and DPD + CR samples along lines through the thickness of the samples. The result for one such line of hardness indentations in the as-deformed DPD sample is shown in Fig. 7a . Some of the indentions (marked by frames in Fig. 7a ) are clearly larger than the others and originate from regions which were recrystallized during the 18 month storage. In the following, only indentations in the deformed matrix (as verified by ECC images) are considered. For all these indentations in the deformed matrix, the orientations of the surrounding regions were determined by EBSD. In some cases both Type A structure (structure dominated by low angle dislocation boundaries) and Type C structure (highly fragmented structure) are observed near the indentation (which in the following are referred to as from mixed AC regions), but in many cases an indentation is fully surrounded by either Type A or Type C structure.
The sizes of the indentations measured in the asdeformed DPD sample are presented in Fig. 7b , which show a large spread from 9.8 lm to 11.6 lm, corresponding to a hardness spread from 193 kgf mm À2 to 137 kgf mm À2 . Although the sizes of indentations in Type A and C regions have some overlap, indentations in Type A regions are in general larger than those in Type C regions. The sizes of indentations in mixed AC regions are similar to those in Type C regions. The corresponding hardness is given in Table 1 .
For the DPD sample annealed for 600 s at 120°C, hardness indentations measured in the remaining deformed matrix are mainly from Type A regions, since after annealing, large Type C regions are rare. The hardness of this remaining deformed matrix is reduced by 6% (see Table 1 ), compared with that of Type A regions before annealing, which implies some static recovery. For the as-deformed DPD + CR sample, the sizes of the indentations vary from 11.0 lm to 11.9 lm (see Fig. 7b ), and the spread of these indentation sizes is thus much smaller than in the entire DPD sample. After 600 s of annealing, the hardness of the deformed matrix in the DPD + CR sample decreases by 8%, compared with that in the asdeformed DPD + CR sample (see Table 1 ), again due to static recovery.
Discussion
Origin of heterogeneity of the DPD sample
An important feature of the as-deformed DPD sample is the existence of regions of different structures, which are distributed heterogeneously on a rather coarse scale ($100 lm). Although previous TEM investigations have suggested that the DPD sample consists of several types of microstructures [3] , the coarse scale heterogeneous distribution has not been discussed in Ref. [3] probably due to the limited observation area available for individual TEM specimens. EBSD, in contrast, allows characterization of a large area, and in spite of loss of microstructural details, EBSD gives a good fingerprint of the heterogeneity of the sample.
The heterogeneous deformation structure of the DPD sample seems to be directly related to the coarse grain size ($200 lm) of the initial sample before DPD deformation. Clear indications of this are given by the microstructure of the same sample deformed by DPD to a lower strain (e vM = 0.4), which is shown in Fig. 8 . The initial grain boundaries can still be recognized in this map. The microstructure shows large variations between grains. Some grains deform by dislocation slip, while other grains deform by twinning. The deformation mechanisms in different grains depend on the grain orientation, as has been pointed out for this material by Hong et al. [23] . It is important to note that grains with a h1 1 0i fiber texture (the green grains in the map) deform fairly homogeneously, which is in agreement with previous results for compressed copper [24] , and which may be related to the stability of such orientations during compression. It is thus suggested that each large Type A region (structure dominated by low angle dislocation boundaries) in the DPD (e vM = 2.1) sample originates from an individual grain with an initial orientation close to the h1 1 0i fiber texture. Further support for this suggestion is that the size of individual Type A regions corresponds well with the initial grain size (as grains of 200 lm size deformed to a strain of 2.1 should flatten to 25 lm). Twinning occurs more often in grains with initial orientations away from the h1 1 0i fiber texture. During further deformation, twin planes in these grains have been described to rotate gradually towards the compression plane [25] . At the same time, the twin lamellae become fragmented by dislocations accumulated in the twin boundaries and by shear bands [26] . Except for a few less fragmented parts, which contribute to Type B structure (twin bundles), most of these initial grains may contribute to Type C structure (highly fragmented structure) in the DPD (e vM = 2.1) sample.
Two-stage kinetics model
The classical JMAK recrystallization kinetics model is based on the assumption that the nucleation sites are randomly distributed and that all grains grow at the same growth rate. For a constant growth rate, the JMAK model predicts an exponent n of 3 and 4 for three-dimensional (3-D) growth, assuming site-saturated nucleation and a constant nucleation rate, respectively. This model is, however, too simplified to describe most recrystallization processes, despite that Eq. (1) often fits the experimental data points well (e.g. [27] ). Some modified kinetics models have been suggested (e.g. [28] [29] [30] ), which consider effects of non-random nucleation, and variation of growth rates with time and/or with orientations. These modified models lead to an Avrami exponent lower than 3-4, and can explain the deviation to lower values towards the end of recrystallization, as observed in the DPD + CR sample. However, an exponent as low as that for the DPD sample (n = 0.56) has not been reported, and to our knowledge, no models can describe such kinetics reasonably. For the DPD sample, the heterogeneity within the deformed matrix is essential. Type C regions (highly fragmented structure) recrystallize much more readily than Type A regions (structure dominated by low angle dislocation boundaries). For modeling the overall kinetics, these different regions need to be treated independently. In this work, we thus consider a sample consisting of two distinct regions: fast recrystallizing regions (FRRs) and slowly recrystallizing regions (SRRs), each with their own recrystallization kinetics given as
where i represents either fast or slowly recrystallizing regions. By further assuming that recrystallized grains grow separately within either FRRs or SRRs, which is largely substantiated by the observed partially recrystallized structure (see Fig. 4 ), the overall kinetics can then be expressed as:
where X is the volume fraction of the FRRs and the subscripts F and S represent fast and slowly, respectively. An estimation of n i representative for the fast and slowly recrystallizing regions is not directly possible from the present experimental data. The value of n i depends on the nucleation and growth condition within each region. As has been suggested in many experimental researches (e.g. Ref. [12] ), the theoretical value of 3-4 is rarely observed for recrystallization of most materials. In the present work, we have chosen to set n i in Eq. (4) to be 1, because this is typical for pure copper samples (which do not develop large scale heterogeneity) deformed to various strains [12] , including the present DPD + CR sample. In this case, Eq. (4) can be rewritten as
In an Avrami plot, a kinetic curve given by Eq. (5) will at the beginning (for short annealing times) follow the line of the FRRs, while at the end it follows that of the SRRs, each with a slope close to 1. At intermediate stages, a transition region with a much lower slope can be observed.
By fitting the experimental data for the DPD sample using Eq. (5), the curve in Fig. 9 is obtained. It is seen that the overall curve shown in Fig. 9 describes the experimental data well. The fitted value for X, k F and k S are 0.48, 1.9 Â 10 À3 s À1 and 6.5 Â 10 À5 s À1 , respectively, giving a ratio k F /k S of 29. These fitted values can be compared to values obtained directly from the experiments. As Type A and Type C regions can be considered as SRRs and FRRs, respectively, (1 À X)/X should then match the ratio between the volume fraction of A and C. The fitted value X gives a ratio (1 À X)/X of 1.1, and this ratio is not far from the experimental value of 0.9. The experimental k F / k S ratio may be estimated based on the growth rates of grains within Type C and A regions. If we assume v = M Á F and the mobility M is similar in both regions, the difference in stored energy F, which according to the calculations by Yan and Zhang [21] is 0.83 J g À1 for Type A, and 1.60-2.17 J g À1 for Type C, i.e. in the range of 2-3 times, directly determines the differences in linear growth rates v. For the present sample a constant average aspect ratio of the recrystallized grains is observed, indicating a 3-D growth. It should be noted that for a growth rate decreasing with time, 3-D growth is not in conflict with an Avrami exponent of 1. Assuming such 3-D growth, a factor of 2-3 in the linear growth rates corresponds to a k F /k S ratio of 2 3 -3 3 times, i.e. 8-27 times. Higher values in this range agree well with the k F /k S ratio of 29 determined from the model. It should be noted that different nucleation rates are not considered in this estimation, and the k F /k S ratio may thus tend to be underestimated. In general, despite the simple nature of the model, it not only gives a good fit to the experimental data, but also provides fitted parameters that can be experimentally substantiated. Previously, this type of model was used [12, 13] to explain the occurrence of effective Avrami exponents lower than the theoretical values 3 or 4 by a combination of different kinetics each with a theoretical exponent. Here, a combination of local kinetics with already low exponents is utilized to rationalize exponents even lower than 1. Fig. 9 . Avrami plot of the DPD sample fitted using Eq. (5). The sample is assumed to consist of two distinct regions, namely FRRs and SRRs, and each region recrystallizes with a kinetics exponent n = 1, which is typical for many metals and has been observed for the present DPD + CR sample.
Effects of heterogeneity on mechanical properties
It is interesting to note that the DPD and the DPD + CR samples have quite different mechanical properties and that partial recrystallization affects the uniform elongation differently in the two types of samples [15] [16] [17] . The yield strengths (r 0.2% ) of fresh (i.e. without storage) DPD and DPD + CR samples have previously been reported to be 585 MPa and 485 MPa, respectively [15, 31] . These values may be compared to the hardness values measured in the present work using r 0:2% ¼ HV =3 [32] . The average hardness values, which are 172 kgf mm À2 for the DPD sample and 144 kgf mm À2 for the DPD + CR sample, convert to r 0.2% of 562 MPa and 470 MPa, respectively. Hence, the estimated r 0.2% of the two samples corresponds well with the measured ones. The yield stress of the DPD + CR sample is lower than that of the DPD sample, which indicates an overall decrease in stored energy. This behavior is interesting as the total plastic strain is significantly larger in the DPD + CR sample. Tentatively, it is suggested that the change in deformation path leads to changes in the active slip systems and to reorganization of the deformation microstructure. This may lead to dynamic recovery, reducing the dislocation content and also reducing the yield stress and the stored energy. Therefore the additional cold-rolling reduces the driving force for recrystallization and thus increases the thermal stability of the sample.
The introduction of recrystallized grains into the nanocrystalline matrix (to create a "composite" structure) has been suggested as a possible way to increase the ductility [14] . However, the "efficiency" of recrystallized grains for improving ductility may be significantly different. This is clearly seen in the DPD and DPD + CR samples investigated in this study. Before recrystallization, the uniform elongation was 1% and 4.5% for the DPD and DPD + CR samples, respectively [15, 31] . Partial recrystallization of the DPD sample has been shown to have limited effects on the uniform elongation, even for high V V [15] . This is in strong contrast to the results of the DPD + CR sample, for which the uniform elongation increases linearly with V V [16, 17] . It thus appears that the ductility of the partially recrystallized samples is also affected by other parameters.
For the DPD and DPD + CR samples with a similar recrystallized volume fraction, ductility can be quite different. For example, for the $60% recrystallized samples, the uniform elongation is 1% for the DPD sample and 15% for the DPD + CR sample. Nevertheless, the average sizes (ECDs) of recrystallized grains are $4 lm in both samples. The grain size distribution is plotted in Fig 10. Both distributions peak at $5 lm. The two distributions are similar, except that the size distribution of the DPD sample has a longer tail. However, grains larger than 30 lm only occupy 5% of the total area in the DPD sample. Therefore, the different elongation is not due to the difference in sizes of the recrystallized grains.
A significant difference between the DPD and DPD + CR samples is the heterogeneity within the samples, in both the deformed and the partially recrystallized state. In the DPD sample the deformation microstructure is heterogeneous, consisting of broad bands with different microstructural characteristics (and therefore stored energies), and the recrystallized grains are severely clustered in broad bands. On the contrary, the change in deformation path in the DPD + CR sample leads to a more homogeneous deformation microstructure and spatially more randomly distributed recrystallized grains. It is also observed that the hardness variation within the deformation structure is reduced after additional cold-rolling (comparing the hardness indentation size spreads in Fig. 7b for the DPD and DPD + CR samples). This means that the strain distribution during tensile testing will be more uniform in the DPD + CR sample and stress build-up at hard areas will be reduced (e.g. [33] ). As a result, ductility in general will be improved -as observed.
Conclusions
1. The deformation structure of the DPD sample is very heterogeneous, which is interpreted as effects of the orientations and the large sizes of the initial grains before deformation. The course of the recrystallization reflects the deformation heterogeneity: the high stored energy regions (highly fragmented structure including fragmented twin bundles and shear bands, termed Type C) recrystallize first and recrystallization may occur even during low temperature storage, whereas low stored energy regions (structure dominated by low angle dislocation boundaries, termed Type A) resist recrystallization. Consequently, the recrystallized grains are clustered in broad bands. The heterogeneity of the deformation microstructure also affects the recrystallization kinetics, and leads to a very low Avrami exponent Fig. 10 . Area-weighted size distributions of recrystallized grains for samples approximately 60% recrystallized. For the DPD sample, four annealing durations (600 s, 1200 s, 1800 s and 3600 s at 120°C) are included, all with recrystallized volume fractions $60% (see also Fig. 6a ).
The DPD + CR sample was annealed at 140°C for 3600 s. below 1. A two-stage recrystallization model has been applied, which describes the experimental data satisfactorily. 2. After additional rolling of the DPD sample (the DPD + CR sample), the deformation structure becomes much more homogeneous, and the recrystallized grains are distributed significantly more randomly. The rolling process after DPD has several positive effects. Firstly, it increases the thermal stability of the sample by distributing and lowering the stored energy and thereby retarding recrystallization. Secondly, it decreases the microstructural heterogeneity introduced in the DPD process, leading to a significantly improved ductility in the partially recrystallized samples. The good combination of strength and ductility of DPD + CR samples suggests that it may be helpful to combine several deformation processes in order to optimize both the thermal and mechanical performance of nanocrystalline metals.
